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ABSTRACT
We present the results from a systematic search for galactic-scale, molecular (OH 119 µm) outflows in a
sample of 52 Local Volume (d < 50 Mpc) Burst Alert Telescope detected active galactic nuclei (BAT AGN)
with Herschel-PACS. We combine the results from our analysis of the BAT AGN with the published Her-
schel/PACS data of 43 nearby (z< 0.3) galaxy mergers, mostly ultraluminous infrared galaxies (ULIRGs) and
QSOs. The objects in our sample of BAT AGN have, on average, ∼ 10− 100 times lower AGN luminosities,
star formation rates (SFRs), and stellar masses than those of the ULIRG and QSO sample. OH 119 µm is
detected in 42 of our BAT AGN targets. Evidence for molecular outflows (i.e. OH absorption profiles with
median velocities more blueshifted than −50 km s−1 and/or blueshifted wings with 84-percentile velocities
less than −300 km s−1) is seen in only four BAT AGN (NGC 7479 is the most convincing case). Evidence for
molecular inflows (i.e. OH absorption profiles with median velocities more redshifted than 50 km s−1) is seen
in seven objects, although an inverted P-Cygni profile is detected unambiguously in only one object (Circinus).
Our data show that both the starburst and AGN contribute to driving OH outflows, but the fastest OH winds
require AGN with quasar-like luminosities. We also confirm that the total absorption strength of OH 119 µm
is a good proxy for dust optical depth as it correlates strongly with the 9.7 µm silicate absorption feature, a
measure of obscuration originating in both the nuclear torus and host galaxy disk.
Subject headings: galaxies: active – infrared: galaxies – galaxies: Seyfert
1. INTRODUCTION
Massive, galactic-scale outflows driven by star formation
and/or active galactic nuclei (AGN) may be the dominant
form of feedback in galaxies (Veilleux et al. 2005; Fabian
2012). These outflows (or winds) likely affect the evolution
of galaxies by regulating star formation and black hole (BH)
accretion activity. These winds may shut off the gas feeding
process and stop the growth of both the BH and the spheroidal
component (Di Matteo et al. 2005), thereby explaining the
tight “bulge-BH mass relation" (e.g. Fabian 2012; Marconi &
Hunt 2003; Kormendy & Richstone 1995; Kormendy & Ho
2013). They may also quench star formation altogether and
help explain the presence of “red-and-dead", gas-poor ellip-
ticals, and the bimodal color distribution observed in large
galaxy surveys (e.g. Strateva et al. 2001; Baldry et al. 2004).
Winds may also be the primary mechanism by which metals
are transferred from galaxies to their surrounding halos, and
to a lesser extent, to the intergalactic medium. Until
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2 Joint Space-Science Institute, University of Maryland, College Park,
MD 20742, USA
3 NASA Goddard Space Flight Center, Greenbelt, MD 20771
4 Wyle Science, Technology and Engineering Group, 1290 Hercules Av-
enue, Houston, TX 77058
recently, searches for galactic-scale outflows have focused on
the brightest sources in bands often affected by obscuration
and/or contamination from the host galaxy light (e.g. Lehnert
& Heckman 1996). These searches have generally been di-
rected at either the ionized phase (e.g. Crenshaw et al. 1999;
Dunn et al. 2008; Rubin et al. 2010) or the neutral phase (e.g.
Heckman et al. 2000; Schwartz & Martin 2004; Rupke et al.
2005b,c,a; Martin 2005; Krug et al. 2010; Rupke & Veilleux
2011, 2013) of the ISM. If winds are to inhibit star forma-
tion in the host galaxy, then the mass outflow must affect the
phase of the ISM from which stars form (i.e. the cold molec-
ular gas). Our knowledge of molecular outflows is quickly
improving. Recent studies of galactic-scale winds have effec-
tively demonstrated that far infrared (FIR) spectroscopy of the
hydroxyl molecule (OH) with Herschel-PACS is well suited
to identify molecular outflows in the nearby universe (Sturm
et al. 2011; Veilleux et al. 2013; Spoon et al. 2013, hereafter,
S11, V13, and S13 respectively). S11 reported preliminary
evidence of a correlation between AGN luminosity (LAGN)
and OH terminal velocity in six ultra-luminous infrared galax-
ies (ULIRGs; i.e. ULIRGs with higher terminal velocities
hosted AGN with higher luminosities). V13 and S13 later
confirmed this correlation via the analyses of larger samples
(43 and 24 ULIRGs, respectively). In particular, V13 reported
a nonlinear relationship between log(LAGN/L) and outflow
velocity, but noted that better statistics were required at lower
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FIG. 1.— Histograms showing the distributions of the BAT AGN and ULIRG/PG QSO properties: redshifts, stellar masses, star formation rates (SFR), AGN
fractions, and AGN luminosities.
AGN luminosities in order to confirm this nonlinearity. These
Herschel-based studies, supplemented with millimeter-wave,
interferometric studies, have also shown that the molecular
gas often dominates the mass and energy budget of these out-
flows (e.g. Fischer et al. 2010; Feruglio et al. 2010; Alatalo
et al. 2011; Sturm et al. 2011; Morganti et al. 2013; Veilleux
et al. 2013; González-Alfonso et al. 2014; Cicone et al. 2014).
There is thus a clear need to extend this type of study to
lower AGN luminosities and star formation rates (SFRs). For
this, we examine Herschel observations of a complete sam-
ple of local Swift-BAT selected AGN. Since stellar processes
contribute negligibly to the 14-195 keV emission, the BAT
AGN survey is not sensitive to star formation activity within
the host galaxy. Additionally, this survey is unbiased to col-
umn densities of NH . 1024 cm−2. The characteristics and
host galaxy properties of these ultra-hard X-ray detected BAT
AGN have been studied extensively across most wavelengths
(e.g. Winter et al. 2010; Vasudevan & Fabian 2009; Vasude-
van et al. 2010; Koss et al. 2011, 2013; Matsuta et al. 2012;
Mushotzky et al. 2014; Meléndez et al. 2014; Shimizu et al.
2015, 2016). By combining the results of our analysis on 52
BAT AGN with those of V13 on 43 ULIRGs, we extend the
range of AGN luminosities, SFRs, and stellar masses sam-
pled in this study by 1-2 orders of magnitude, from which
we can draw stronger statistical conclusions on the driving
mechanisms of these outflows. We also examine mid-infrared
(MIR; 5-37 µm) spectra from the Infrared Spectrograph (IRS)
on board the Spitzer Space Telescope of the combined BAT
AGN + ULIRG + PG QSO sample in an attempt to constrain
the distributions of the dust, as measured by the strength of
the 9.7 µm silicate feature, and OH gas within these systems.
We note that although robust, statistical conclusions can only
be drawn from a well defined sample, valuable insight into
molecular winds may still be obtained by combining these
two samples which are distinct in their selection methods and
in their properties.
The samples used in this analysis are described in Section
2. The observations and data reduction techniques are out-
lined in Section 3. The results of the analysis are presented in
Section 4, while the implications of these results are reported
in Section 5. The conclusions are summarized in Section 6.
2. SAMPLE
2.1. BAT AGN Sample Selection
The BAT AGN in our sample were selected using three cri-
teria: (1) all targets are from the very hard X-ray selected (14-
195 keV) 58-month Swift-BAT Survey (Baumgartner et al.
2011) of local AGN. Since the 14-195 keV flux is solely pro-
duced by the AGN and unaffected by the host galaxy light or
obscuration along the line-of-sight (NH . 1024 cm−2, this cri-
terion removes any ambiguity as to the power of the AGN.
Thus, the Swift-BAT survey is arguably superior to soft X-ray,
UV, optical, IR, or radio surveys for understanding the role
of AGN-driven winds in galaxies. (2) All targets have a to-
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FIG. 2.— Fits to the central spaxel, continuum subtracted OH 119 µm profiles of the 52 objects in our sample; see Section 3.1.3. In each figure, the solid black
line represents the data and the magenta line is the best fit to the data. The blue and red dashed lines represent the Gaussian components of the fits. The origin
of the velocity scale corresponds to OH 119.233 µm at the systemic velocity. The two vertical dashed and dotted lines mark the positions of 16OH and 18OH,
respectively.
tal integrated flux at 120 µm of Stot120 & 1 Jy so that high S/N
in the continuum can be reached in a reasonable amount of
time with PACS. (3) Finally, all targets are located within 50
Mpc. The low redshifts in this sample provide the best pos-
sible scale (∼ 0.02-0.2 kpc arcsec−1) for spatially separating
star-formation emission from the nuclear component. This
distance is also large enough to properly sample the AGN lu-
minosity function up to quasar-like values (log LBAT ∼ 43.5;
log LBOL ∼ 45), without favoring IR-bright systems due to
criterion #2.
We find that 52 targets meet these three requirements.
Of these targets, 42 objects are from the cycle 2 open-
time program OT2_sveilleu_6 (PI: S. Veilleux), 3 objects are
from the guaranteed time program GT1_lspinogl_4 (PI: L.
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Spinoglio), 2 objects are from the guaranteed time program
GT1_lspinogl_6 (PI: L. Spinoglio), 3 objects are from the
cycle 1 open-time program OT1_shaileyd_1 (PI: S. Hailey-
Dunsheath), 1 object is from the Director’s Discretionary
Time DDT_esturm_4 (PI: E. Sturm), and 1 object is from
the guaranteed time key program Survey with Herschel of the
ISM in Nearby Infrared Galaxies (SHINING; PI: E. Sturm)
(see Table 1).
2.2. ULIRG and PG QSO Sample
We include in our analysis the Herschel/PACS spectra of
the ULIRGs and PG QSOs from V13. Of the 43 objects (38
ULIRGs + 5 QSOs) from that sample, 23 targets are from the
key program SHINING (PI: E. Sturm), 15 targets are from the
cycle 1 open-time program OT1_sveilleu_1 (PI: S. Veilleux),
and 5 are from the cycle 2 open-time program OT2_sveilleu_4
(PI: S. Veilleux).
This sample spans a broad range of merger stages. 20 ob-
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jects are cool ( f25/ f60 ≤ 0.2 ) pre-merger ULIRGs, 18 objects
are warm ( f25/ f60 > 0.2) quasar-dominated, late-stage, fully
coalesced ULIRGs, and 5 objects are “classic" IR-faint QSOs.
These QSOs are in a late merger phase in which the quasar has
finally shed its natal “cocoon" of dust and gas and feedback
effects may be receding (Veilleux et al. 2009, V13)
2.3. Properties of the Sample Galaxies
The properties of our BAT AGN sample are listed in Ta-
ble 2. The notes to Table 2 briefly explain the meaning of each
of these quantities. Some quantities, however, require further
clarification. We apply the bolometric correction from Winter
et al. (2012) to our BAT AGN luminosities, which are derived
from the fluxes from the Swift BAT 70-month survey. Since
the Swift-BAT bandpass is at high enough energies (14-195
keV) to be unaffected by all but the highest levels of obscu-
ration, the luminosities in this bandpass should be the direct
unobscured signature from the AGN. Thus, it is assumed to
be a good proxy for the bolometric luminosity of the AGN.
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The correction is a scale factor derived from the correlation
between the bolometric luminosity, which is determined from
simultaneous broadband fitting of the spectral energy distri-
bution of 33 sources in the optical, UV, and X-ray (Vasudevan
& Fabian 2007, 2009), and the Swift BAT band 14-195 keV
luminosities of those sources. The ordinary least-squares line
through these data of Winter et al. (2012) yields the following
correction:
LAGN = 10.5×L14−195keV, (1)
where LAGN is the bolometric luminosity of the AGN and
L14−195keV is the Swift BAT luminosity in the 14-195 keV band.
For the ULIRGs, we adopt the starburst and AGN luminosi-
ties from V13, which were calculated as follows: the bolomet-
ric luminosities were estimated to be LBOL = 1.15 LIR, where
LIR is the infrared luminosity over 8 – 1000 µm (Sanders &
Mirabel 1996), and LBOL = 7L(5100 Å)+LIR for the PG QSOs
(Netzer et al. 2007). Here, L(5100 Å) corresponds to λLλ at
5100 Å.
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The starburst and AGN luminosities were next calculated
from
LBOL = LAGN +LSB (2)
=αAGN LBOL +LSB, (3)
where αAGN is the fractional contribution of the AGN to the
bolometric luminosity, hereafter called the “AGN fraction” for
short. For the BAT AGN sample, we derive the AGN frac-
tions from the rest frame f30µm/ f15µm continuum flux density
ratio, which was found by Veilleux et al. (2009) to be more
tightly correlated with the PAH-free, silicate-free MIR/FIR
ratio and the AGN contribution to the bolometric luminosity
than any other Spitzer-derived continuum ratio. The fraction
of the 15 µm flux produced by the AGN is defined as:
AGN%( f15)
100
≡
(
f30/ f15
)
agn(
f30/ f15
)
agn +
(
f30/ f15
)
sb
=
(
f30/ f15
)
obs −
(
f30/ f15
)
sb(
f30/ f15
)
agn −
(
f30/ f15
)
sb
,
(4)
where
(
f30/ f15
)
obs is the observed flux density ratio.(
f30/ f15
)
agn and
(
f30/ f15
)
sb are the flux density ratios due
to the AGN and starburst, respectively. We adopt from
Table 9 of Veilleux et al. (2009) the zero-point values of
log
(
f30/ f15
)
agn = 0.2 and log
(
f30/ f15
)
sb = 1.35.
The fraction of the bolometric luminosity produced by the
AGN is then calculated from:
αAGN ≡ AGN(Lbol)100 =
L(bol)agn
L(bol)agn +L(bol)sb
=
1
1+
[
100
AGN%( f15)
−1
][(Lν (15µm)/L(bol))agn(
Lν (15µm)/L(bol)
)
sb
] (5)
where we adopt the bolometric corrections of
log
[
Lν (15µm)/L(bol)
]
agn = −14.33
log
[
Lν (15µm)/L(bol)
]
sb = −14.56
from Table 10 of Veilleux et al. (2009). As a check, we com-
pare the AGN fractions derived via this method with those
found in Tommasin et al. (2010). For the few objects in com-
mon (i.e. NGC 1125, NGC 3516, NGC 4388, NGC 7172, and
NGC 7582), we find good agreement between the two meth-
ods. For the ULIRGs and QSOs, we adopt the AGN fractions
from V13 which are calculated using the same method applied
to the BAT AGN.
BAT AGN stellar masses are adopted from Koss et al.
(2011). ULIRG stellar masses are calculated by adopting
H-band absolute magnitudes from V13. We then assume
M∗H = −23.7 (the H-band absolute magnitude of a L∗ galaxy in
a Schechter function description of the local field galaxy lumi-
nosity function (Bell & de Jong 2001; Cole et al. 2001)) and
m∗ = 1.4× 1011 M (the mass of an early-type galaxy at the
knee of the Schechter distribution (Cole et al. 2001; Veilleux
et al. 2002)).
BAT AGN SFRs are derived from equation [25] of Calzetti
et al. (2010):
SFR(160)(M yr−1) =
L(160) [erg s−1]
4.8×1042 , (6)
where L(160) is λLλ at 160 µm and the factor 4.8× 1042
assumes a Kennicutt (1998) calibration for SFR. SFRs for
ULIRGs and PG QSOs are calculated from equation [1] of
Rupke et al. (2005b):
SFR =
LSB
5.8×109 L , (7)
where LSB = LBOL(1−αAGN).
Figure 1 shows the distributions of redshifts, stellar masses,
SFRs, AGN fractions, and AGN luminosities for all 52 BAT
8TABLE 1
Herschel OBSERVATIONS OF BAT AGN
Name OBSID texp [sec] Program
(1) (2) (3) (4)
CenA 1342225989 976 OT1_shaileyd_1
Circinus 1342225147 958 OT1_shaileyd_1
ESO 005−G004 1342245457 746 OT2_sveilleu_6
ESO 137−34 1342252089 1452 OT2_sveilleu_6
IC 5063 1342241848 2897 OT2_sveilleu_6
IRAS 04410+2807 1342249997 2897 OT2_sveilleu_6
IRAS 19348−0619 1342241495 1452 OT2_sveilleu_6
MCG−05.23.16 1342245454 14251 OT2_sveilleu_6
MCG−06.30.15 1342247813 14251 OT2_sveilleu_6
Mrk18 1342253541 4309 OT2_sveilleu_6
NGC 1052 1342247734 14251 OT2_sveilleu_6
NGC 1068 1342191154 3944 SHINING target
NGC 1125 1342247722 4309 OT2_sveilleu_6
NGC 1365 1342247546 746 OT2_sveilleu_6
NGC 1566 1342244440 746 OT2_sveilleu_6
NGC 2110 1342250314 2158 OT2_sveilleu_6
NGC 2655 1342246552 1452 OT2_sveilleu_6
NGC 2992 1342246246 746 OT2_sveilleu_6
NGC 3079 1342221391 8045 DDT_esturm_4
NGC 3081 1342245955 2897 OT2_sveilleu_6
NGC 3227 1342197796 2923 GT1_lspinogl_4
NGC 3281 1342248310 746 OT2_sveilleu_6
NGC 3516 1342245980 3128 GT1_lspinogl_6
NGC 3718 1342253721 7129 OT2_sveilleu_6
NGC 3783 1342247816 2897 OT2_sveilleu_6
NGC 4051 1342247512 1452 OT2_sveilleu_6
NGC 4102 1342247002 746 OT2_sveilleu_6
NGC 4138 1342256950 1452 OT2_sveilleu_6
NGC 4151 1342247511 746 OT2_sveilleu_6
NGC 4258 1342257242 746 OT2_sveilleu_6
NGC 4388 1342197911 3453 GT1_lspinogl_4
NGC 4395 1342247533 1452 OT2_sveilleu_6
NGC 4579 1342248535 746 OT2_sveilleu_6
NGC 4593 1342248372 1452 OT2_sveilleu_6
NGC 4939 1342248509 1452 OT2_sveilleu_6
NGC 4941 1342248508 2862 OT2_sveilleu_6
NGC 4945 1342247792 958 OT1_shaileyd_1
NGC 5033 1342247011 746 OT2_sveilleu_6
NGC 5273 1342246800 14251 OT2_sveilleu_6
NGC 5290 1342247535 2158 OT2_sveilleu_6
NGC 5506 1342247811 746 OT2_sveilleu_6
NGC 5728 1342249309 2508 GT1_lspinogl_6
NGC 5899 1342247007 746 OT2_sveilleu_6
NGC 6221 1342252088 746 OT2_sveilleu_6
NGC 6300 1342253357 746 OT2_sveilleu_6
NGC 6814 1342241849 746 OT2_sveilleu_6
NGC 7172 1342218490 2933 GT1_lspinogl_4
NGC 7213 1342245961 1452 OT2_sveilleu_6
NGC 7314 1342245225 746 OT2_sveilleu_6
NGC 7465 1342245963 1452 OT2_sveilleu_6
NGC 7479 1342258846 746 OT2_sveilleu_6
NGC 7582 1342257273 746 OT2_sveilleu_6
NOTE. — Column 1: Galaxy name. Column 2: Observation ID. Column 3: Exposure
time. Column 4: Program.
AGN in our sample (blue diagonals) and for all 43 objects
(38 ULIRGs + 5 PG QSOs; red diagonals) from V13. The
AGN fractions of the BAT AGN are typically higher than the
fractions of the V13 sample of objects.The AGN luminosities
and SFRs of the BAT AGN, however, are typically lower by
two orders of magnitude than those of the ULIRGs and QSOs.
3. OBSERVATIONS, DATA REDUCTION, AND SPECTRAL ANALYSIS
3.1. OH 119 µm Feature
3.1.1. OH Observations
The OH observations were obtained with the PACS FIR
spectrometer (Poglitsch et al. 2010) on board Herschel (Pil-
bratt et al. 2010). We focus our efforts on the ground-state
OH 119 µm 2Π3/2 J = 5/2 − 3/2 rotational Λ-doublet. This
feature is the strongest transition in ULIRGs and is positioned
near the peak spectroscopic sensitivity of PACS. Fischer et al.
(2010), S11, and V13 have demonstrated the efficacy of using
the OH 119 µm feature to determine wind characteristics.
The data for OT2_sveilleu_6 were obtained in a simi-
lar fashion as those in SHINING (S11) and OT1_sveilleu_1
(V13). PACS was used in range scan spectroscopy mode in
high sampling centered on the redshifted OH 119 µm + 18OH
120 µm complex with a velocity range of ∼ ±4000 km s−1
(rest-frame 118-121 µm) to provide enough coverage on both
sides of the OH complex for reliable continuum placement.
As a result, the PACS spectral resolution is ∼ 270 km s−1.
The total amount of observation time (including overheads)
for OT2_sveilleux_6 was 35.3 hours. The program ID and
observing time for each target, including all overheads, are
listed in Table 2. A large chopper throw of 3′ is used in all
cases.
3.1.2. OH Data Reduction
The reduction of the OH data on the BAT AGN sample
was carried out using the standard PACS reduction and cal-
ibration pipeline (ipipe) included in HIPE 6.0. For the final
calibration, fainter sources were normalized to the telescope
flux (which dominates the total signal) and recalibrated us-
ing a reference telescope spectrum obtained from dedicated
Neptune observations during the Herschel performance veri-
fication phase. Sturm et al. (2011) demonstrated that this tele-
scope background technique can reliably recover the contin-
uum from faint sources. In the following, we use the spectrum
of the central 9.4′′× 9.4′′ spatial pixel (spaxel) only, without
the application of a point source flux correction. In a few ob-
jects we note that the OH emission is extended. These objects
will be the focus of a future paper.
The reduced spectra were next smoothed using a Gaussian
kernel of width 0.05 µm (i.e. about half a resolution element)
to reduce the noise in the data before the spectral analysis. A
spline was fit to the continuum emission and subtracted from
the spectra. Subsequently, spectral fitting was carried out on
these continuum-subtracted spectra.
3.1.3. Spectral Analysis of the OH Doublet
Line profile fits of the OH 119.233, 119.441 µm doublet
were computed by using PySpecKit, a spectroscopic analysis
and reduction toolkit for optical, infrared, and radio spectra
(Ginsburg & Mirocha 2011). The toolkit uses the Levenberg-
Marquardt technique to solve the least-squares problem in or-
der to find the best fit for the observations. Profile fitting of
the OH doublet followed a similar procedure as that outlined
in V13, in which the doublet profile was modeled using four
Gaussian components (two components for each line of the
doublet), each characterized by their amplitude (either neg-
ative or positive), peak position, and standard deviation (or,
equivalently FWHM). However, many of the OH profiles ob-
served here were fit with only two Gaussian components (one
component for each line of the doublet), since a fit with four
Gaussian components often led to spurious results (i.e. skinny
components with FWHM ∼ 10 km s−1, values too small to be
considered real). The separation between the two lines of the
doublet was set to 0.208 µm in the rest frame (∼ 520 km s−1)
and the amplitude and standard deviation were fixed to be the
same for each component in the doublet. In cases where OH
was not detected, two Gaussian components, characterized by
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GALAXY PROPERTIES
(Name) z Distance αAGN log LAGN log M∗ log SFR fcen/ ftot f30µm/ f15µm Type
(Mpc) (%) (L) (M) (M yr−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
CenA 0.001901a 3.7 93.2 9.78 · · · · · · 0.14 2.44 Type 2
Circinus 0.001573a 4.2 86.6 9.19 · · · · · · 0.22 3.32 Type 1
ESO 005−G004 0.006379b 22.4 89.4 9.73 · · · 0.72 0.15 2.95 Type 2
ESO 137−34 0.009144 33 · · · 9.99 · · · 0.5 0.2 · · · Type 2
IC 5063 0.011198c 49 93.3 10.75 · · · 0.61 0.38 2.43 Type 2
IRAS 04410+2807 0.011268 48.7 · · · 10.61 · · · 0.43 0.37 · · · Type 2
IRAS 19348−0619 0.010254 44.3 · · · 10.17 · · · 0.66 0.29 · · · Type 1
MCG−05.23.16 0.008486 36.6 96.9 10.94 9.56 −0.53 0.59 1.97 Type 2
MCG−06.30.15 0.007749 33.4 99.9 10.36 · · · −0.4 0.57 1.60 Type 1
Mrk18 0.011345d 47.9 79.0 9.96 9.57 0.41 0.48 4.40 Type 2
NGC 1052 0.005037 19.5 95.7 9.56 10.35 · · · 0.46 2.12 Type 2
NGC 1068 0.003931a 12.7 100 9.26 · · · · · · 0.14 1.20 Type 2
NGC 1125 0.010931 47.2 60.8 10.1 · · · 0.39 0.42 7.31 Type 2
NGC 1365 0.005349a 17.9 75.3 9.82 · · · 1.51 0.18 4.96 Type 1
NGC 1566 0.005017 12.2 · · · 9.01 · · · · · · 0.21 · · · Type 1
NGC 2110 0.007789 35.6 94.0 11.11 10.63 0.49 0.43 2.34 Type 2
NGC 2655 0.00467 24.4 91.8 9.41 · · · −0.1 0.25 2.63 Type 2
NGC 2992 0.00771 31.6 92.1 9.94 10.31 0.75 0.38 2.59 Type 2
NGC 3079 0.003797d 19.1 68.7 9.59 9.98 1.22 0.29 5.99 Type 2
NGC 3081 0.007976 26.5 93.8 10.27 10.31 0.12 0.35 2.37 Type 2
NGC 3227 0.004001a 18.7 88.6 10.09 9.98 0.55 0.33 3.05 Type 1
NGC 3281 0.010674 46.1 92.7 10.77 10.24 0.84 0.46 2.51 Type 2
NGC 3516 0.008889e 52.5 95.5 11.02 10.46 0.19 0.44 2.15 Type 1
NGC 3718 0.003312 17 · · · 9.05 9.98 −0.3 0.23 · · · LINER
NGC 3783 0.009791f 47.8 95.2 11.12 · · · 0.68 0.11 2.19 Type 1
NGC 4051 0.002490a 14.3 95.2 9.41 9.44 0.57 0.34 2.19 Type 1
NGC 4102 0.002823 20.4 61.7 9.57 9.68 1.02 0.51 7.15 LINER
NGC 4138 0.002962 20.7 99.3 9.62 9.61 0.04 0.05 1.67 Type 1
NGC 4151 0.003502a 9.9 100 10.23 · · · −0.38 0.24 1.48 Type 1
NGC 4258 0.001494 7.5 98.4 8.59 · · · · · · 0.07 1.79 Type 2
NGC 4388 0.008467a 21 84.3 10.6 10.53 0.58 0.14 3.64 Type 2
NGC 4395 0.001064 4.5 72.7 8.21 8.28 · · · 0.1 5.34 Type 1
NGC 4579 0.00506 19.6 · · · 9.11 · · · · · · 0.21 · · · Type 2
NGC 4593 0.008455a 30.8 76.5 10.43 10.75 · · · 0.4 4.78 Type 1
NGC 4939 0.010374 44.8 90.2 10.21 · · · 0.82 0.06 2.84 Type 2
NGC 4941 0.003707d 18.7 89.5 9.36 · · · −0.19 0.22 2.93 Type 2
NGC 4945 0.001836g 4.1 10.4 9.18 · · · · · · 0.41 18.96 Type 2
NGC 5033 0.003211a 19.6 · · · 8.84 · · · 0.95 0.1 · · · Type 1
NGC 5273 0.003619 16 77.4 9.06 9.64 · · · 0.55 4.64 Type 1
NGC 5290 0.008583 35 · · · 9.88 10.23 0.62 0.12 · · · Type 2
NGC 5506 0.006228a 23.8 93.3 10.64 10.02 0.25 0.52 2.43 Type 1
NGC 5728 0.009475a 30.6 70.4 10.43 10.78 0.78 0.41 5.71 Type 2
NGC 5899 0.008546 38.1 91.0 9.97 10.28 0.95 0.13 2.73 Type 2
NGC 6221 0.004999 12.2 65.4 8.99 · · · 0.76 0.24 6.53 Type 2
NGC 6300 0.003699 14.4 87.0 9.82 · · · 0.63 0.31 3.27 Type 2
NGC 6814 0.005214 22.8 98.0 10.11 10.3 0.6 0.05 1.83 Type 1
NGC 7172 0.009180e 33.9 92.4 10.8 · · · 0.83 0.24 2.54 Type 2
NGC 7213 0.005983d 22 100 9.82 · · · 0.25 0.12 1.46 Type 1
NGC 7314 0.004839h 18.6 89.0 9.77 10.06 · · · 0.13 3.00 Type 1
NGC 7465 0.006666i 27.2 · · · 9.54 · · · 0.21 0.35 · · · Type 2
NGC 7479 0.007942 33.9 83.7 9.88 · · · 1.14 0.37 3.73 Type 2
NGC 7582 0.005541j 20.9 73.8 10.06 · · · 1.2 0.49 5.18 Type 2
NOTE. — Column 1: Galaxy name. Column 2: Redshift value (When available, redshift is calculated from emission lines. Otherwise, redshifts are from NED). Column 3: When
available mean, redshift-independent distance is obtained from NED. Otherwise, the luminosity distance is calculated via Wright (2006). Column 4: αAGN, fractional contribution of
the AGN to the bolometric luminosity; see Section 2.3. Column 5: AGN luminosity. Column 6: stellar masses are adopted from Koss et al. (2011). Column 7: star formation rate; see
Section 2.3. Column 8: Continuum flux density ratio at 119 µm of the central spaxel to all 25 spaxels. For reference, the average continuum ratio for a point source calculated from the
five PG QSOs in our ULIRG sample is fcen/ ftot = 0.56. Column 9: 30 µm to 15 µm continuum flux density ratio. Column 10: Spectral type.
a Redshift is calculated using the [OI] 63.18 µm , [OI] 145.53 µm, [CII] 157.74 µm, and [NII] 121.90 µm emission lines.
b Redshift is calculated using the [OI] 145.53 µm emission line.
c Redshift is calculated using the [OI] 63.18 µm and [CII] 157.74 µm emission lines.
d Redshift is calculated using the [CII] 157.74 µm emission line.
e Redshift is calculated using the [CII] 157.74 µm and [NII] 121.90 µm emission lines.
f Redshift is calculated using the [OI] 63.18 µm and [OI] 145.53 µm emission lines.
g Redshift is calculated using the [OI] 63.18 µm, [OI] 145.53 µm, and [CII] 157.74 µm emission lines.
h Redshift is calculated using the [OI] 145.53 µm and [CII] 157.74 µm emission lines.
i Redshift is calculated using the [OI] 63.18 µm, [CII] 157.74 µm, and [NII] 121.90 µm emission lines.
j Redshift is calculated using the [OI] 14.53 µm , [CII] 157.74 µm, and [NII] 121.90 µmemission lines.
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TABLE 3
PROPERTIES OF THE OH 119 µM PROFILES
(Name) v50 (abs) v84 (abs) Fluxabs EQWabs v50 (emi) v84 (emi) Fluxemi EQWemi EQWTotal
(km s−1) (km s−1) (Jy km s−1) (km s−1) (km s−1) (km s−1) (Jy km s−1) (km s−1) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
CenA 63 195 521.1 27 −201: −327: −107.9 −6 21
Circinus 81 201 494.3 8 −225 −327: −313.9: −5: 3
ESO 005−G004 9 −141 167.1 70 622 754 −32 −14 55
ESO 137−34 · · · · · · · · · · · · · · · · · · −9.4 −14 −14
IC 5063 −33:: −309:: 53.7: 16 · · · · · · · · · · · · 16
IRAS 04410+2807 · · · · · · · · · · · · 21:: 135:: −36.8:: −37:: −37::
IRAS 19348−0619 · · · · · · · · · · · · 57 207 −28.5 −25: −25:
MCG−05−23−016 · · · · · · · · · · · · 57:: 207:: −8.6:: −21:: −21::
MCG−06−30−015 · · · · · · · · · · · · 129:: 255:: −6.9:: −8:: −8::
Mrk 18 · · · · · · 12.4: 6: · · · · · · · · · · · · 6
NGC 1052 · · · · · · · · · · · · −39:: 117:: −9.9:: −27:: −27::
NGC 1068 · · · · · · · · · · · · 15 213 −2479.1 −70 −70
NGC 1125 123: −3: 24.8: 20 · · · · · · · · · · · · 20
NGC 1365 · · · · · · · · · · · · 177: 267: −104.8: −4: −4:
NGC 1566 · · · · · · · · · · · · 51 177 −93.6 −36 −36
NGC 2110 · · · · · · · · · · · · 75 351 −103.9 −38 −38
NGC 2655 · · · · · · · · · · · · 9:: 135:: −8:: −9:: −9::
NGC 2992 45 −129 146.9 33 · · · · · · · · · · · · 33
NGC 3079 87 −93 2580.2 119 · · · · · · · · · · · · 119
NGC 3081 · · · · · · · · · · · · 93 219 −38.7 −33 −33
NGC 3227 · · · · · · · · · · · · −27 147 −225.3 −53 −53
NGC 3281 273 429 313.9 99 −321 −453 −32 −10 −86
NGC 3516 · · · · · · · · · · · · −99 39 −52.4 −78 −78
NGC 3718 · · · · · · · · · · · · · · · · · · −9.3: −15: −15:
NGC 3783 · · · · · · · · · · · · −69:: 81:: −16.8:: −33:: −33::
NGC 4051 · · · · · · · · · · · · −9: 141: −102.2: −57: −57:
NGC 4102 −3 −135 343.4 12: · · · · · · · · · · · · 12:
NGC 4138 · · · · · · · · · · · · −99:: 33:: −19.2:: −81:: −81::
NGC 4151 · · · · · · · · · · · · 75 333: −96.7 −82 −82
NGC 4258 · · · · · · · · · · · · · · · · · · −19.2 −18 −18
NGC 4388 · · · · · · 32.7 18 · · · · · · · · · · · · 18
NGC 4395 · · · · · · · · · · · · · · · · · · −14.2:: −254:: −254::
NGC 4579 · · · · · · · · · · · · −15:: 111:: −40.3:: −36:: −36::
NGC 4593 · · · · · · · · · · · · 15 141 −44.4 −26: −26:
NGC 4939 · · · · · · · · · · · · · · · · · · −11.1 −45 −45
NGC 4941 · · · · · · · · · · · · 3:: 129:: −22.4:: −40:: −40::
NGC 4945 87 −51 66839.9 171 · · · · · · · · · · · · 171
NGC 5033 · · · · · · · · · · · · · · · · · · −15.1 −4 −4
NGC 5273 · · · · · · · · · · · · 87: 231: −13.6: −30: −30:
NGC 5290 9:: −117:: 14:: 25:: · · · · · · · · · · · · 25::
NGC 5506 45:: −357:: 234: 59: · · · · · · · · · · · · 59:
NGC 5728 −15:: −141:: 96:: 20:: · · · · · · · · · · · · 20::
NGC 5899 · · · · · · · · · · · · · · · · · · −11: −15: −15:
NGC 6221 · · · · · · · · · · · · −99:: 33:: −32:: −4:: −4::
NGC 6300 −3 −201 301.5 70 · · · · · · · · · · · · 70
NGC 6814 · · · · · · · · · · · · 105:: 231:: −33.8:: −82:: −82::
NGC 7172 −51: −207:: 252.6 85 · · · · · · · · · · · · 85
NGC 7213 · · · · · · · · · · · · −3:: 141:: −28.3:: −42:: −42::
NGC 7314 · · · · · · 18 24 · · · · · · · · · · · · 24
NGC 7465 · · · · · · · · · · · · −69:: 57:: −25.6:: −13:: −13::
NGC 7479 −51 −658:: 379.6 73 · · · · · · · · · · · · 73
NGC 7582 105 3 383.6 13 604: 700:: −50.1:: −2 11
NOTE. — Column 1: galaxy name. Column 2: v50(abs) is the median velocity of the fitted absorption profile i.e. 50% of the absorption takes place at velocities above - more positive
than - v50. Column 3: v84(abs) is the velocity above which 84% of the absorption takes place. Column 4: the total integrated flux for the absorption component(s). Column 5: the total
equivalent width for the absoprtion component(s). Column 6: v50 (emi) is the median velocity of the fitted emission profile. Column 7: v84 (emi) is the velocity below which 84% of
the emission takes place. Column 8: the total integrated flux for the emission component(s). Column 9: the total equivalent width for the emission component(s). Column 10: The total
equivalent width for the sum of the two components for one line of the OH doublet. Fluxes followed by a colon indicate uncertainties between 20% and 50%. Velocities followed by
a colon indicate uncertainties between 50 − 150 km s−1. Fluxes followed by a double colon indicate uncertainties > 50%. Velocities followed by a double colon indicate uncertainties
> 150 km s−1.
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FIG. 3.— Total (absorption + emission) equivalent widths of OH 119 µm (positive values indicate absorption and negative values indicate emission) as a
function of the (a) stellar masses, (b) AGN fractions, (c) AGN luminosities. The colors blue and red refer to BAT AGN and ULIRGs/PG QSOs, respectively.
Filled squares, triangles, and circles represent BAT AGN or ULIRGs in which OH 119 µm is seen purely in absorption, purely in emission, or with composite
absorption/emission, respectively. Open triangles represent PG QSOs in which OH 119 µm is seen purely in emission. The blue, vertical, dotted lines refer to
BAT AGN in which OH 119 µm is not detected. Similarly, the red, vertical, dash-dotted lines represent ULIRGs/PG QSOs with undetected OH 119 µm. The
gray, horizontal line marks the null OH equivalent width.
an amplitude consistent with the 1σ level of the noise and a
FWHM (300 km s−1) approximately equal to the resolution
of PACS, were fit and maximum values for the OH flux and
equivalent width were derived.
Four distinct scenarios apply to our data: (1) pure OH ab-
sorption, (2) pure OH emission, (3) P Cygni profiles, and (4)
inverse P Cygni profiles. In scenario 1, there is no evidence of
OH emission and each line of the OH doublet is fitted with 1-2
absorption components. In the case of the two-component fit,
one component traces the stronger low-velocity component of
the outflow, while the other component traces the fainter high-
velocity component. In the case of the single-component fit,
only the low-velocity component is captured. Scenario 2 is
treated similarly. In this scenario, there is no evidence for
any OH absorption and 1-2 Gaussian components are used to
model each line of the OH doublet. In scenario 3, each line
of the doublet is modeled with a single blueshifted absorption
and a single redshifted emission component. In scenario 4,
each line of the doublet is modeled with a single blueshifted
emission component and a single redshifted absorption com-
ponent. In scenarios 3 and 4, just as in the one-component fits
of Scenarios 1 and 2, only the low-velocity component of the
outflow is captured.
These fits were first used to quantify the strength and na-
ture (absorption versus emission) of the OH feature: (1) the
total flux and equivalent width of the OH 119.441 µm line,
adding up all of the absorption and emission components, (2)
the flux and equivalent width of the absorption component(s)
used to fit this line, and (3) the flux and equivalent width of
the emission component(s) used to fit this line.
Following the same method as that outlined in V13, we
also characterize the OH profile by measuring velocities: (1)
v50(abs) is the median velocity of the fitted absorption pro-
file, i.e., 50% of the absorption takes place at velocities above
(more positive than) v50(abs), (2) v84(abs) is the velocity
above which 84% of the absorption takes place, (3) v50(emi)
is the median velocity of the fitted emission profile, i.e., 50%
of the emission takes place at velocities below (less positive
than) v50(emi), and (4) v84(emi) is the velocity below which
84% of the emission takes place. We note that three objects
are fitted with inverted P-Cygni profiles, suggesting inflow.
Circinus is an unambiguous fit while Centaurus A and NGC
3281 are marginally fit with inverted P-Cygni profiles. The
velocities from the inverted P-Cygni profile fits are measured
as thus: v50(abs) and v84(abs) are the velocities below which
50% and 84% of the absorption takes place, respectively, and
v50(emi) and v84(emi) are the velocities above which 50% and
84% of the emission takes place, respectively.
We note that the OH emission is extended in some of our
BAT AGN sources. While a full analysis of the 5 × 5 spax-
els spectrum is outside the scope of this paper, we provide the
ratio of the central spaxel 119 µm continuum flux density to
that of the summed 25 spaxels ( fcen/ ftot) to quantify the de-
gree to which some of our BAT AGN are spatially extended
(see Table 2). For reference, the average value of fcen/ ftot for
a point source (derived from the five PG QSOs in our sample)
is 0.56. Note that the continuum is often considerably more
extended than the OH 119 µm feature.
3.2. The 9.7 µm Silicate Feature
3.2.1. Data Reduction of the 9.7 µm Silicate Feature
Mid-infrared (MIR; 5-37 µm) low resolution spectra (R
∼ 60 − 127) used to measure the 9.7 µm silicate feature for
the BAT AGN, ULIRG, and PG QSO samples were extracted
from The Cornell AtlaS of Spitzer/IRS Sources (CASSIS1).
The archival data were obtained with the Infrared Spectro-
graph (IRS; Houck & Team (2004)) on board the Spitzer
Space Telescope (Werner et al. 2004). There were two ob-
jects however (NGC 7479 and NGC 4945), in which the MIR
spectrum was extracted from the Spitzer Heritage Archive
(SHA2).
The Spitzer observations were made with the Short-Low
(SL, 5.2-14.5 µm) and Long-Low (LL, 14.0-38.0 µm) mod-
ules of the IRS. The orders were stitched to LL order 2, requir-
ing order-to-order scaling adjustments of less than ∼ 15%.
3.2.2. Spectral Analysis of the 9.7 µm Silicate Feature
We have measured the strength of the 9.7 µm silicate
feature for sources in our BAT AGN sample and in the
1 http://www.cassis.sirtf.com/atlas
2 http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
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FIG. 4.— The apparent strength of the 9.7 µm silicate feature relative to the
local mid-infrared continuum as a function of the AGN fractions. Note that
S9.7µm is a logarithmic quantity and can be interpreted as the apparent silicate
optical depth. The strength of silicate absorption increases upward. Sign
conventions and meanings of the symbols are the same as those in Figure 3.
Crosses represent objects with a null OH detection. Vertical lines indicate
objects with a null 9.7 µm silicate feature detection.
ULIRG/QSO sample. The calculation of the mid-infrared
continuum loosely follows the method of Spoon et al. (2007).
For a majority of the sources, the mid-infrared continuum
(e.g. the continuum flux density fcont) is determined from
a cubic spline interpolation to continuum pivots at 5.2, 5.6,
14.0, 27.0, and 31.5 µm. For objects in which the 9.7 µm sil-
icate feature dominates the spectrum (i.e. there is very little
PAH emission), an additional pivot point is added at 7.8 µm.
The pivot points are adopted from Spoon et al. (2007), how-
ever we have placed a pivot point at 27 µm instead of at 25
µm due to the proximity of the [OIV] emission line at 25.89
µm which is common in BAT AGN. Due to the diversity of
our BAT AGN sample, the wavelength range in which the 9.7
µm silicate feature is determined differs slightly from source
to source (see Table 4). Typically, however, the observed flux
density (e.g. fobs) is determined from a cubic spline interpola-
tion to the data between ∼ 8µm and ∼ 14µm. This interpola-
tion skips the H2 line at 9.6 µm, [S IV] line at 10.51 µm, PAH
feature at 11.25 µm, H2 line at 12.28 µm, and [NeII] at 12.68
µm.
The apparent strength of the 9.7 µm silicate feature is then
defined as:
S9.7µm = − ln
(
fobs(9.7µm)
fcont(9.7µm)
)
. (8)
Here, we adopt the sign convention consistent with our OH
119 µm analysis (e.g. positive S9.7µm values indicate absorp-
tion while negative S9.7µm values indicate emission). Note that
this convention is different from previous studies (e.g. Spoon
et al. 2007).
For sources with a silicate absorption feature, S9.7µm can be
interpreted as the the apparent silicate optical depth. Table 4
and Table 5 lists pivot points, integration ranges, and mea-
sured equivalent widths and fluxes of the 9.7 µm silicate fea-
ture for our samples. MIR spectra showing these pivot points
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FIG. 5.— Total (absorption + emission) equivalent widths of OH 119 µm
as a function of the apparent strength of the 9.7 µm silicate feature rela-
tive to the local mid-infrared continuum. Note that S9.7µm is a logarithmic
quantity and can be interpreted as the apparent silicate optical depth. The
strength of this absorption feature increases to the right. Sign conventions
and meanings of the symbols are the same as those in Figure 3. Hori-
zontal, blue, dotted lines represent BAT AGN in which the 9.7 µm silicate
feature is not detected. Similarly, horizontal, red, dash-dotted lines repre-
sent ULIRGs/PG QSOs with a null 9.7 µm silicate feature detection. The
black diagonal line shows the ordinary least squares bisector linear regres-
sion: EWOH = 56.81×S9.7µm −26.7 kms−1. The Pearson r null probability
for the linear relationship between S9.7µm and the total OH equivalent width
is P[null]= 1.2× 10−9 for the BAT AGN sample and P[null] = 0.003 for the
ULIRG + QSO sample. When the samples are combined, we find P[null] =
3.9×10−9.
and integration ranges may be found in the Appendix.
4. RESULTS
Figure 2 shows the fits to the OH 119 µm profiles for our
BAT AGN targets. The OH 119 µm parameters for all targets
derived from these fits are listed in Table 3. The meaning of
each parameter is discussed in Section 3.1.3 and in the notes
to Table 3. Note that the fluxes and equivalent widths in Ta-
ble 3 need to be multiplied by a factor of two when consider-
ing both lines of the doublet.
In this section we compare the OH 119 µm and
S9.7µm results listed in Table 3, Table 4, and Table 5, with the
galaxy properties listed in Table 2.
4.1. The OH 119 µm Feature
The OH 119 µm doublet is detected in 42 of the 52 ob-
jects in our BAT AGN sample. Of the 42 detections, 25 are
seen purely in emission, 12 are seen purely in absorption,
and 5 are seen with absorption+emission composite profiles.
For comparison, in the ULIRG + QSO sample (V13), 37 ob-
jects showed OH 119 µm detections, 17 of which were seen
purely in absorption, 15 showed absorption+emission com-
posite profiles, and 5 were seen purely in emission. Figure 3a,
Figure 3c plot the OH equivalent width with the stellar mass
and AGN luminosity, respectively. For these properties, we
see no discernible correlation in either the individual samples
(i.e. BAT AGN only and ULIRG + PG QSO only) or in the
combined sample. There is however a weak trend between
EWOH and AGN fraction (Figure 3b) when the samples are
13
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FIG. 6.— Histograms showing the distributions of the 50% (median; left panels) and 84% (right panels) velocities derived from the multi-Gaussian fits to
the OH profiles of the BAT AGN. Top panels show pure absorption components (blue), pure emission components (red dashed), P-cygni emission components
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inverse P-Cygni).
combined. A more formal statistical analysis of these param-
eters indeed indicates a statistically significant correlation be-
tween these quantities when all objects are considered (see
Table 6).
For the BAT AGN in which OH 119 µm is seen purely in
emission, we find that the AGN is dominant (i.e. αAGN >
50%) in these objects. In agreement with V13, the low lu-
minosities (log(LAGN/L). 12) of these 20 AGN-dominated
objects with pure OH emission suggest that the AGN fraction
is more important than AGN luminosity in setting the char-
acter (i.e. strength of emission relative to absorption) of the
OH feature. Therefore, we see that dominant AGN in our
sample can excite the OH molecule (via radiative pumping or
collisional excitation) and produce the 2Π3/2 J = 5/2→ 3/2
rotational emission line. This trend was noted in V13.
4.2. The S9.7µm Feature
Figure 4 plots the apparent strength of the 9.7 µm sili-
cate absorption feature versus the AGN fraction αAGN. Here,
larger, more positive values of S9.7µm indicate stronger silicate
absorption features. We see no discernible trend between the
strength of this silicate feature and AGN fraction. This is sur-
prising since the AGN fractions should be inversely propor-
tional to the equivalent widths of the PAH features (Veilleux
et al. 2009). Thus, Figure 4 should look similar to Figure
1 of Spoon et al. (2007) which plots the 6.2 µm PAH emis-
sion feature and S9.7µm . We find that our data do not show
the bifurcation observed in Spoon et al. (2007) because only
two of our ULIRGs (F08572+3915 and F15250+3608) lie on
the upper branch of the bifurcation, and none of our BAT
AGN populate the upper branch. The two objects in Figure 4
which display αAGN ∼ 10% and high S9.7µm are NGC 4945
and F15327+2340. Both of these objects show weak PAH
emission and are therefore not displayed in Figure 1 of Spoon
et al. (2007).
Figure 5 shows a positive correlation between the measured
OH equivalent width and the 9.7 µm silicate optical depth.
The black diagonal line shows the ordinary least squares bi-
sector linear regression for the entire sample (BAT AGN +
ULIRGs + PG QSOs):
EWOH = 56.81×S9.7µm −26.7 [km s−1]. (9)
The Pearson correlation coefficient of the linear rela-
tionship for S9.7µm and the total OH equivalent width is
ρS9.7µm,EWOH = 0.7 with a P[null] (the probability of an un-
correlated system producing datasets that have a Pearson
correlation at least as extreme as the one computed from
these datasets) of 3.9× 10−9 for the combined sample. If
we restrict this analysis to the BAT AGN only, we find
ρS9.7µm,EWOH (BATAGN) = 0.89 with a P[null] of 1.2× 10−9.
Restricting the analysis to ULIRGs and PG QSOs only yields
ρS9.7µm,EWOH (ULIRG/PGQSO) = 0.5 with a P[null] of 0.003.
In Figure 5 we also see that objects with OH in emission
show either weak silicate absorption or silicate emission. Ob-
jects with OH P-Cygni profiles show moderate silicate ab-
sorption features, while the strongest silicate absorption fea-
tures are seen in objects in which OH is observed purely in
absorption. We return to this result in Section 5.
4.3. OH Kinematics
We quantify the visual trends observed (or not observed)
in our kinematic investigation of the individual samples (i.e.
BAT AGN only or ULIRG/QSO only) and of the combined
sample by calculating the correlational significances between
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TABLE 4
S9.7µm CONTINUUM PARAMETERS AND MEASURED VALUES OF THE BAT AGN SAMPLE
(Name) Pivot Points Integration Range FluxS9.7µm EQWS9.7µm S9.7µm
(µm) (µm) (Jy µm) (µm)
(1) (2) (3) (4) (5) (6)
CenA 5.2, 5.6, 14.0, 27.0, 31.5 8.3, 11.3 1.06 1.01 0.79
Circinus 5.2, 5.6, 14.0, 31.5 7.8, 14 23.38 2.06 1.24
ESO 005−G004 5.2, 5.6, 14.0, 27.0, 31.5 8.6, 11.19 0.34 1.55 1.32
ESO 137−34 · · · · · · · · · · · · · · ·
IC 5063 5.2, 5.6, 14.0, 27.0, 31.5 8.15, 12.3 0.37 0.55 0.27
IRAS 00410+2807 · · · · · · · · · · · · · · ·
IRAS 19348−0619 · · · · · · · · · · · · · · ·
MGC−05.23.16 5.2, 5.6, 14.0, 27.0, 31.5 8, 12.45 0.32 0.64 0.31
MGC−06.30.15 5.2, 5.6, 14.0, 27.0, 31.5 8.09, 10.4 0.05 0.16 0.09
Mrk 18 5.2, 5.6, 14.0, 27.0, 31.5 9, 10.4 0.01 0.12 0.11
NGC 1052 · · · · · · · · · · · · · · ·
NGC 1068 · · · · · · · · · · · · · · ·
NGC 1125 · · · · · · · · · · · · · · ·
NGC 1365 · · · · · · · · · · · · · · ·
NGC 1566 · · · · · · · · · · · · · · ·
NGC 2110 5.2, 5.6, 14.0, 27.0, 31.5 7.8, 14 0.17 0.74 −0.07
NGC 2655 · · · · · · · · · · · · · · ·
NGC 2992 5.2, 5.6, 14.0, 27.0, 31.5 8.75, 11.1 0.13 0.48 0.37
NGC 3079 5.2, 5.6, 14.0, 27.0, 31.5 8.8, 11.13 0.66 1.5 1.56
NGC 3081 5.2, 5.6, 14.0, 27.0, 31.5 8, 11.3 0.09 0.44 0.22
NGC 3227 5.2, 5.6, 14.0, 27.0, 31.5 8.75, 11.09 0.15 0.46 0.28
NGC 3281 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 7.8, 14 1.98 2.27 1.36
NGC 3516 · · · · · · · · · · · · · · ·
NGC 3718 · · · · · · · · · · · ·
NGC 3783 5.2, 5.6, 14.0, 27.0, 31.5 7.9, 11.3 0.17 0.33 0.13
NGC 4051 5.2, 5.6, 14.0, 21.9, 24.9 8, 10.8 0.07 0.24 −0.07
NGC 4102 5.2, 5.6, 14.0, 27.0, 31.5 9, 10.95 0.23 0.52 0.41
NGC 4138 · · · · · · · · · · · · · · ·
NGC 4151 · · · 7.8, 14 · · · · · · · · ·
NGC 4258 5.2, 5.6, 14.0, 27.0, 31.5 7.8, 13.39 0.14 1.15 −0.16
NGC 4388 5.2, 5.6, 14.0, 27.0, 31.5 8.2, 12.2 0.43 1.35 0.79
NGC 4395 5.2, 5.6, 14.0, 27.0, 31.5 7.8, 11.09 0.004 0.67 0.25
NGC 4579 · · · · · · · · · · · · · · ·
NGC 4593 · · · · · · · · · · · · · · ·
NGC 4939 · · · · · · · · · · · · · · ·
NGC 4941 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 8, 11.13 0.02 0.33 0.15
NGC 4945 7.8, 14.0, 27.0, 31.5 7.8, 11.09 1.95 2.72 3.65
NGC 5033 · · · · · · · · · · · · · · ·
NGC 5273 4.6, 14.0, 27.0, 31.5 7.7, 11.05 0.01 0.66 0.38
NGC 5290 · · · · · · · · · · · · · · ·
NGC 5506 5.2, 5.6, 14.0, 27.0, 31.5 8.35, 12.15 1.2 1.16 0.77
NGC 5728 5.2, 5.6, 14.0, 27.0, 31.5 8.63, 11.16 0.15 1.17 0.94
NGC 5899 5.2, 5.6, 14.0, 27.0, 31.5 8.1, 11.15 0.08 1.44 1.02
NGC 6221 5.2, 5.6, 14.0, 27.0, 31.5 9.2, 10.7 0.03 0.13 0.11
NGC 6300 5.2, 5.6, 14.0, 27.0, 31.5 8.58, 12.2 0.67 1.71 1.16
NGC 6814 · · · · · · · · · · · · · · ·
NGC 7172 5.2, 5.6, 14.0, 27.0, 31.5 8.15, 12.52 0.68 2.37 1.97
NGC 7213 5.2, 5.6, 14.0, 27.0, 31.5 8.76, 13.3 0.36 2.26 −0.41
NGC 7314 5.2, 5.6, 7.8, 14.0 7.8, 14 0.09 1.38 0.6
NGC 7465 · · · · · · · · · · · · · · ·
NGC 7479 4.6, 7.8, 14.0, 27.0, 31.5 7.8, 12.9 1.98 3.09 2.3
NGC 7582 5.2, 5.6, 14.0, 27.0, 31.5 8.8, 11.05 0.81 0.95 0.78
NOTE. — Column 1: galaxy name. Column 2: Pivot points in microns used for the continuum interpolation. Column 3: Integration range of the 9.7 µm silicate feature. Column 4:
Total integrated flux of the 9.7 µm silicate feature. Column 5: total equivalent width for the 9.7 µm silicate feature. Column 6: S9.7µm ; see Section 3.2.2.
the observed OH velocities (v50 and v84) and the host galaxy
properties (stellar masses, SFRs, specific star formation rates
(sSFRs; i.e. the rate at which stars are formed divided by
the stellar mass of the galaxy), and AGN fractions and lu-
minosities. Since the spatial location of the OH emission is
unknown, physical interpretations of the observed OH veloci-
ties in these cases will be ambiguous (e.g., blueshifted veloc-
ities may correspond to outflow or inflow if the OH emission
region is located in front or behind the continuum source, re-
spectively). We therefore exclude from our analysis objects
in which OH is detected purely in emission. The results of
our statistical analyses on all objects with either redshifted or
blueshifted absorption profiles are listed in Table 7.
Figure 6 shows the distributions of velocities derived from
both the OH absorption and emission line features (v50(abs),
v84(abs), v50(emi), and v84(emi), as defined in Section 3.1.3
and listed in Table 3). In V13, we adopted Rupke et al.
(2005c)’s conservative definition of an outflow as having an
OH absorption feature with a median velocity (v50) more neg-
ative than −50 km s−1. Similarly, we can define an inflow as
having an OH absorption feature with a median velocity (v50)
more positive than 50 km s−1. This cutoff is used to avoid con-
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tamination due to systematic errors and measurement errors
in wavelength calibration, line fitting (see Section 3.1.3), and
redshift determination. We find that only two objects in our
BAT AGN sample meet this outflow criterion, and just barely:
NGC 7172 and NGC 7479 (both have v50 = −51 km s−1). The
presence of a significant blue wing in the absorption profile
of OH 119 µm in NGC 7479 with v84 = −658 km s−1 adds
considerable support to this interpretation. An extended blue
wing with v84 < −300 km s−1 may also be present in the OH
absorption profile of IC 5063, NGC 5506, and NGC 7172, al-
though these detections are more tentative than in NGC 7479.
In contrast, seven objects have OH absorption features with
median velocities larger than +50 km s−1: Centaurus A, Circi-
nus, NGC 1125, NGC 3079, NGC 3281, NGC 4945, and
NGC 7582. The clear detection of an inverted P-Cygni profile
in Circinus provides unambiguous evidence for the presence
of an inflow in this object. The inverted P-Cygni profiles in
Centaurus A and NGC 3281 are much less secure. We return
to these objects in Section 5.
Figure 7, Figure 8, and Figure 9 plot the OH velocities (v50
and v84) as a function of the stellar masses, star formation
rates, and specific star formation rates. If we consider our two
samples individually, a visual inspection of these plots does
not show a correlation between these properties. However,
once the samples are combined we see a negative correlation
between the observed OH velocities and the stellar mass or
star formation rate of the galaxy (i.e. galaxies with larger
stellar masses or star formation rates exhibit more negative
v50 and v84 values). The strengths of these correlations are
quantified in Table 7. No obvious trend is seen with sSFR for
the combined sample. These results remain quantitatively the
same if instead of using the global star formation rates we use
the star formation rates from the central spaxel (scaled by the
ratio of the continuum flux from the central spaxal to that of
all 25 spaxels, as listed in column (8) of Table 2).
Figure 10 plots the OH velocities (v50 and v84) as a function
of the AGN fractions αAGN, where αAGN is derived from the
f30/ f15 continuum flux density ratios. As described in V13,
ULIRGs/PG QSOs with dominant AGN (αAGN ≥ 50%) ap-
pear to have larger negative velocities than ULIRGs/PG QSOs
with dominant starbursts (αAGN ≤ 50%), but a K-S test be-
tween velocity distributions of dominant AGN and dominant
starburst systems indicated no statistically significant differ-
ence. A K-S test on the combined BAT AGN and ULIRG +
QSO sample also does not show a significant trend between
the measured OH velocity and AGN fraction.
Figure 11 shows the OH velocities (v50 and v84) versus the
AGN luminosities, LAGN = 10.5×L14−195keV for our BAT AGN
sample and LAGN = αAGNLBOL for the ULIRG/QSO sample;
see Section 2.3. A correlation between these quantities is not
observed in the BAT AGN sample, but clear trends are seen in
the ULIRG/QSO sample and in the combined sample (see Ta-
ble 7). Objects with log
(
LAGN/L
)
.11.5 show no evidence
for fast outflows. This suggests that AGN of lower luminosi-
ties are not able to drive significant molecular winds.
5. DISCUSSION
5.1. Outflows
5.1.1. BAT AGN with Molecular Outflows
As mentioned above, only (one) four objects in our BAT
AGN sample shows (unambiguous) evidence of a molecu-
lar outflow (NGC 7479 is the unambiguous case, while NGC
5506, NGC 7172, and IC 5063 are more uncertain; see Fig-
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FIG. 7.— v50 and v84 as a function of the stellar masses. The meanings
of the symbols are the same as those in Figure 3. The data points joined by
a segment correspond to F14394+5332 W and E. The smaller symbols have
larger uncertainties (values followed by double colons in Table 3).
ure 8 and Figure 11). This corresponds to an outflow detection
rate of (6%) 24%, if we take into account that this search for
outflows was possible only in the 17 sources with OH 119
µm in absorption. This outflow detection rate is significantly
smaller than that found in ULIRGs (∼70%). We note, how-
ever, that outflow detection may be easier in the ULIRGs due
to their higher gas fractions.
NGC 7479 is the best case for an outflow in our sample of
BAT AGN. NGC 7479 is a barred galaxy with the faint broad
line emission at Hα but not at Hβ of a Seyfert 1.9 galaxy
(Véron-Cetty & Véron 2006). To quantify the uncertainty
of the OH blue-wing detection in NGC 7479, we have refit
the continuum for this object with a third order polynomial
and then refit the OH doublet via the method outlined in Sec-
tion 3.1.3. Although we find a shift in the velocities mea-
sured with this different continuum (v50(abs) = −45 km s−1
and v84(abs) = −513 km s−1), this shift (a measure of the er-
ror in our velocity estimates) is not large enough to account
for the location of NGC 7479 in Figure 11b. The origin for
the high outflow velocity in NGC 7479 may lie in its unusu-
ally high far-infrared surface density (Lutz et al. 2015). The
high wind velocity observed in NGC 7479 may thus be due to
its unusually high SFR surface density (e.g. Diamond-Stanic
et al. 2012). However, we cannot exclude the possibility that
the OH outflow in NGC 7479 is driven by the radio jet de-
tected by Laine & Beck (2008).
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TABLE 5
S9.7µm CONTINUUM PARAMETERS AND MEASURED VALUES OF THE ULIRG/PG QSO SAMPLE
(Name) Pivot Points Integration Range FluxS9.7µm EQWS9.7µm S9.7µm
(µm) (µm) (Jy µm) (µm)
(1) (2) (3) (4) (5) (6)
07251−0248 5.2, 14.0, 27.0, 31.5 8.45, 12.7 0.21 3.4 2.37
09022−3615 5.2, 5.6, 14.0, 27.0, 31.5 8.3, 12.6 0.43 1.84 1.22
13120−5453 5.2, 5.6, 14.0, 27.0, 31.5 8.7, 12.0 0.5 1.72 1.49
19542+1110 5.2, 5.6, 14.0, 27.0, 31.5 8.74,11.14 0.05 1.12 0.86
F00509+1225 5.2, 5.6, 14.0, 27.0, 31.5 7.8, 14.0 0.31 0.82 −0.24
F01572+0009 5.2, 5.6, 14.0, 27.0, 31.5 8.1, 14.0 0.06 0.75 −0.17
F05024−1941 5.2, 5.6, 10.8, 18.5 7.8, 12.6 0.01 1.65 0.22
F05189−2524 5.2, 5.6, 14.0, 27.0, 31.5 8.37, 14.0 0.54 1.01 0.37
F07598+6508 5.2, 5.6, 14.0, 27.0, 31.5 7.2, 14.0 0.11 0.49 −0.15
F08572+3915 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 7.8, 13.0 2.55 3.39 4.00
F09320+6134 5.2, 5.6, 14.0, 27.0, 31.5 8.65, 12.1 0.33 1.91 1.58
F10565+2448 5.2, 5.6, 14.0, 27.0, 31.5 8.76, 11.17 0.16 1.21 1.01
F11119+3257 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 7.8, 12.6 0.17 1.21 0.62
F12072−0444 5.2, 5.6, 14.0, 27.0, 31.5 8.1, 12.6 0.22 2.36 1.41
F12112+0305 5.2, 5.6, 14.0, 27.0, 31.5 8.6, 12.4 0.13 2.42 1.58
F12243−0036 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 8.15, 12.8 4.73 3.95 4.03
F12265+0219 5.2, 5.6, 14.0, 27.0, 31.5 8.8, 14.0 0.08 0.26 −0.06
F12540+5708 5.2, 5.6, 14.0, 27.0, 31.5 8.4, 12.6 2.62 1.49 0.62
F13305−1739 · · · · · · · · · · · · · · ·
F13428+5608 5.2, 5.6, 14.0, 27.0, 31.5 8.2, 12.6 0.73 2.77 2.02
F13451+1232 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 7.8, 12.2 0.06 0.61 0.35
F14348−1447 5.2, 5.6, 14.0, 27.0, 31.5 8.3, 12.4 0.15 2.66 1.93
F14378−3651 5.2, 5.6, 14.0, 27.0, 31.5 8.7, 12.1 0.06 1.76 1.55
F14394+5332 5.2, 5.6, 14.0, 27.0, 31.5 8.5, 12.3 0.18 2.26 1.71
F15206+3342 5.2, 5.6, 14.0, 27.0, 31.5 9.0, 11.1 0.02 0.47 0.29
F15250+3608 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 7.8, 14.0 0.94 3.54 3.42
F15327+2340 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 7.8, 12.6 2.87 3.57 3.49
F15462−0450 5.2, 5.6, 14.0, 27.0, 31.5 8.6, 12.4 0.06 0.78 0.29
F16504+0228 5.2, 5.6, 14.0, 27.0, 31.5 8.65, 12.2 0.72 2.06 1.54
F17208−0014 5.2, 5.6, 14.0, 27.0, 31.5 8.6, 12.4 0.37 2.38 1.96
F19297−0406 5.2, 5.6, 14.0, 27.0, 31.5 8.6, 12.5 0.12 2.48 1.60
F20551−4250 5.2, 5.6, 7.8, 14.0, 27.0, 31.5 7.8, 14.0 1.52 3.43 3.09
F22491−1808 5.2, 5.6, 14.0, 27.0, 31.5 8.65, 12.4 0.07 2.2 1.14
F23128−5919 5.2, 5.6, 14.0, 27.0, 31.5 8.65, 12.2 0.23 1.45 0.88
F23233+2817 · · · · · · · · · · · · · · ·
F23365+3604 5.2, 5.6, 14.0, 27.0, 31.5 8.65, 12.4 0.17 2.49 1.78
F23389+0300 · · · · · · · · · · · · · · ·
PG 1126−041 · · · · · · · · · · · · · · ·
PG 1351+640 5.2, 5.6, 14.0, 27.0, 31.5 8.1, 14.0 0.24 2.31 −0.58
PG 1440+356 · · · · · · · · · · · · · · ·
PG 1613+658 5.2, 5.6, 14.0, 27.0, 31.5 7.2, 14.0 0.03 0.38 −0.01
PG 2130+099 5.2, 5.6, 14.0, 27.0, 31.5 7.75, 14.0 0.05 0.29 0.10
Z11598−0114 · · · · · · · · · · · · · · ·
NOTE. — Column 1: galaxy name. Column 2: Pivot points in microns used for the continuum interpolation. Column 3: Integration range of the 9.7 µm silicate feature. Column 4:
Total integrated flux of the 9.7 µm silicate feature. Column 5: total equivalent width for the 9.7 µm silicate feature. Column 6: S9.7µm ; see Section 3.2.2.
NGC 5506 is an edge-on disk galaxy optically classified as
a Seyfert 1.9 galaxy, just like NGC 7479. In the very hard
X-ray regime, NGC 5506 is one of the most luminous and
brightest Seyferts in the local universe (L14−195 keV ∼ 1043 erg
s−1; Baumgartner et al. 2011), and its obscuring column (NH =
3.4×1022 cm−2; Bassani et al. 1999) is intermediate between
typical values for Seyfert 1s and 2s. Mid-infrared 8 − 13µm
observations of NGC 5506 (Roche et al. 1984) suggest that
the nuclear region of NGC 5506 within 5 arcsec is powered
by highly obscured AGN activity with little starburst activity.
The OH 119 µm line profile of NGC 5506 shows a very broad,
secondary gaussian component, suggestive of an outflow (see
Figure 2), but the velocities of this component are uncertain
(see Table 3). Interestingly, the optical forbidden emission
lines of NGC 5506 also exhibit distinct blue wings extending
to −1000 km s−1 (Veilleux 1991a,b,c), giving credence to the
idea that a fast outflow is indeed present in this object.
IC 5063 is a massive (M∗ ≈ 1011 M) early-type galaxy
which hosts a powerful double-lobed radio source (P1.4GHz =
3× 1023 W Hz−1). The presence of this strong radio source
is contrary to the weakly collimated jets found in the BAT
AGN of Middelberg et al. (2004). Observations of high
velocity (∼ 600 km s−1) warm molecular hydrogen gas in
the western lobe of IC 5063 suggests that molecules may
be shock-accelerated by the expanding radio jets (Tadhunter
et al. 2014). Thus, the presence of this powerful jet may ex-
plain the additional boost observed in the (uncertain) outflow
velocity v84.
NGC 7172 is an obscured (NH ∼ 1023 cm−2; Turner &
Pounds 1989), almost edge-on Type 2 Seyfert galaxy which
belongs to the Hickson compact group HCG 90. Smajic´ et al.
(2012) derive the two-dimensional velocity field and velocity
distribution of the central 4′′×4′′ region of NGC 7172 using
several emission lines (i.e. Paα, H2(1-0)S(1), and [Si VI]) and
two CO stellar absorption features. All measurements indi-
cate disk rotation from east to west with amplitude of at least
±100 km s−1. Comparison of HST F606W imaging (Malkan
et al. 1998) with 2MASS images in J−, H−, and K−bands (Jar-
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TABLE 6
RESULTS FROM STATISTICAL ANALYSES OF HOST GALAXY PROPERTIES
Parameter Number of Objects ρs Pρ τ Pτ r Pr
(1) (2) (3) (4) (5) (6) (7) (8)
log M∗ - EWOH (ULIRGs Only) 21 −0.49 2.5e−02 −0.34 3.3e−02 −0.56 8.4e−03
log M∗ - EWOH (BAT AGN only) 18 0.04 8.8e−01 0.04 8.2e−01 −0.00 9.9e−01
log M∗ - EWOH (Combined Sample) 39 0.13 4.3e−01 0.09 4.0e−01 0.13 4.2e−01
αAGN - EWOH (ULIRGs Only) 37 −0.42 1.1e−02 −0.29 1.0e−02 −0.47 3.7e−03
αAGN - EWOH (BAT AGN only) 38 −0.11 5.2e−01 −0.08 5.0e−01 −0.27 1.0e−01
αAGN - EWOH (Combined Sample) 75 −0.42 1.8e−04 −0.29 2.3e−04 −0.44 7.0e−05
log LAGN - EWOH (ULIRGs Only) 37 −0.25 1.3e−01 −0.19 9.7e−02 −0.31 6.4e−02
log LAGN - EWOH (BAT AGN only) 42 0.03 8.5e−01 0.02 8.6e−01 −0.03 8.7e−01
log LAGN - EWOH (Combined Sample) 79 0.26 2.0e−02 0.18 2.1e−02 0.25 2.4e−02
NOTE. — Column 1: quantities considered for the statistical test. Column 2: number of objects in which OH 119 µm is detected. Column 3: Spearman rank order correlation
coefficient. Column 4: null probability of the Spearman rank order correlation coefficient. Column 5: Kendall’s correlation coefficient. Column 6: null probability of Kendall’s
correlation. Column 7: Pearson’s linear correlation coefficient. Column 8: Two-tail area probability of Pearson’s linear correlation. Null probabilities . 10−3 (shown in bold-faced
characters) indicate statistically significant trends.
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FIG. 8.— v50 and v84 as a function of the star formation rates. The meanings
of the symbols are the same as those in Figure 3. The smaller symbols have
larger uncertainties (values followed by double colons in Table 3)
rett et al. 2003) shows a shift of the nucleus by more than 1′′
going from the visible to the J−, H−, and K−band. The central
spaxel aperture (9.4′′× 9.4′′) of Herschel does not have the
resolution to detect such a shift, but if the central spaxel is not
centered on the galaxy nucleus, and if the velocity structure
for OH 119 µm is comparable to that seen in the near-infrared,
then it is possible that the blueshifted absorption we detect is
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FIG. 9.— v50 and v84 as a function of the specific star formation rates. The
meanings of the symbols are the same as those in Figure 3. The data points
joined by a segment correspond to F14394+5332 E and W. The smaller sym-
bols have larger uncertainties (values followed by double colons in Table 3)
The black vertical line indicates the approximate location of the Main Se-
quence of star-forming galaxies (Shimizu et al. 2015).
due to incomplete sampling of the rotation curve rather than a
molecular outflow.
This last object emphasizes the fact that the poor spatial
resolution of Herschel makes the interpretation of the OH
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TABLE 7
RESULTS FROM STATISTICAL ANALYSES OF THE KINEMATICS
Parameter Number of Objects ρs Pρ τ Pτ r Pr
(1) (2) (3) (4) (5) (6) (7) (8)
ULIRGs Only
logM∗ − v50 18 -0.15 5.6e-01 -0.15 3.8e-01 -0.04 8.7e-01
logM∗ − v84 18 -0.10 7.0e-01 -0.08 6.4e-01 0.01 9.6e-01
logSFR− v50 32 0.28 1.2e-01 0.22 8.2e-02 0.06 7.6e-01
logSFR− v84 32 0.19 2.9e-01 0.14 2.4e-01 0.07 7.1e-01
sSFR −v50 18 0.37 1.3e-01 0.26 1.3e-01 0.54 2.2e-02
sSFR −v84 18 0.26 3.0e-01 0.21 2.3e-01 0.57 1.4e-02
αAGN − v50 32 -0.52 2.4e-03 -0.37 3.2e-03 -0.48 5.5e-03
αAGN − v84 32 -0.46 7.4e-03 -0.31 1.2e-02 -0.46 7.6e-03
logLAGN − v50 32 -0.50 3.3e-03 -0.37 2.8e-03 -0.56 8.0e-04
logLAGN − v84 32 -0.44 1.1e-02 -0.32 9.8e-03 -0.54 1.6e-03
BAT AGN Only
logM∗ − v50 6 -0.23 6.6e-01 -0.14 7.0e-01 -0.34 5.1e-01
logM∗ − v84 6 0.09 8.7e-01 -0.07 8.5e-01 0.27 6.1e-01
logSFR− v50 13 -0.11 7.3e-01 -0.11 6.2e-01 -0.04 8.9e-01
logSFR− v84 13 0.24 4.4e-01 0.17 4.2e-01 -0.02 9.5e-01
sSFR −v50 6 0.32 5.4e-01 0.28 4.4e-01 0.17 7.4e-01
sSFR −v84 6 0.54 2.7e-01 0.33 3.5e-01 0.34 5.1e-01
αAGN − v50 13 -0.50 8.4e-02 -0.32 1.3e-01 -0.50 8.1e-02
αAGN − v84 13 -0.69 9.4e-03 -0.50 1.7e-02 -0.44 1.3e-01
logLAGN − v50 14 -0.27 3.6e-01 -0.18 3.7e-01 -0.39 1.7e-01
logLAGN − v84 14 -0.36 2.1e-01 -0.27 1.9e-01 -0.29 3.2e-01
Combined Sample
logM∗ − v50 24 -0.58 2.8e-03 -0.44 2.5e-03 -0.13 5.5e-01
logM∗ − v84 24 -0.53 7.9e-03 -0.38 9.9e-03 -0.08 7.0e-01
logSFR− v50 45 -0.34 2.3e-02 -0.21 3.9e-02 -0.44 2.3e-03
logSFR− v84 45 -0.30 4.3e-02 -0.18 7.8e-02 -0.40 6.8e-03
sSFR −v50 24 0.13 5.6e-01 0.10 4.8e-01 0.34 1.1e-01
sSFR −v84 24 0.10 6.3e-01 0.09 5.2e-01 0.38 6.7e-02
αAGN − v50 45 -0.04 8.1e-01 -0.03 7.8e-01 -0.08 6.1e-01
αAGN − v84 45 -0.09 5.6e-01 -0.06 5.7e-01 -0.12 4.5e-01
logLAGN − v50 46 -0.70 6.8e-08 -0.51 5.7e-07 -0.67 3.3e-07
logLAGN − v84 46 -0.61 8.2e-06 -0.45 8.9e-06 -0.63 2.9e-06
NOTE. — Column 1: quantities considered for the statistical test. Column 2: number of objects in which OH 119 µm is detected in either redshifted or blueshifted absorption.
Column 3: Spearman rank order correlation coefficient. Column 4: null probability of the Spearman rank order correlation coefficient. Column 5: Kendall’s correlation coefficient.
Column 6: null probability of Kendall’s correlation. Column 7: Pearson’s linear correlation coefficient. Column 8: Two-tail area probability of Pearson’s linear correlation. Null
probabilities. 10−3 (shown in bold-faced characters) indicate statistically significant trends.
spectra challenging. We have tried to err on the side of be-
ing cautious by utilizing a centroid velocity threshold of −50
km s−1 and/or the detection of blue wings with v84 < −300
km s−1. The Herschel data are not always sensitive to small-
scale winds. Indeed, small-scale molecular winds are known
to exist in some of our sources. For instance, García-Burillo
et al. (2014) detect AGN-driven CO(3-2), CO(6-5), HCN(4-
3), HCO+(4-3), and CS(7-6) outflows in NGC 1068 on spatial
scales of ∼ 20−35 pc (∼ 0.3′′ −0.5′′), while OH is observed
purely in emission in the Herschel data and is therefore am-
biguous regarding the existence of a large-scale outflow until
a full analysis of the velocity field is carried out. Addition-
ally, molecular outflows (or inflows) may be present, but not
centered on the central spaxel. For example, Herschel obser-
vations of OH 79, 84, and 65 µm, as well as HCN suggest the
existence of a spatially resolved outflow outside of the central
spaxel in NGC 3079 even though the central spaxel appar-
ently displays an OH inflow. A detailed discussion of these
objects is outside the scope of this work, but these issues will
be addressed in a future paper.
5.1.2. Driving Mechanisms of Molecular Outflows
Correlations between the observed OH outflow velocities
and the stellar masses, star formation rates, and AGN lumi-
nosities of the host galaxies can shed light upon the physical
mechanisms responsible for driving molecular winds. There
are good reasons to believe that energy and momentum injec-
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FIG. 10.— v50 and v84 as a function of the AGN fractions. The meanings
of the symbols are the same as those in Figure 3. The smaller symbols have
larger uncertainties (values followed by double colons in Table 3)
tion from star formation activity plays a role in driving mas-
sive, galactic-scale outflows. Previous studies (e.g. Schwartz
& Martin 2004; Rupke et al. 2005c; Martin 2005; Weiner et al.
2009; Cicone et al. 2014) have shown the existence of a pos-
itive trend between SFRs and outflow velocities. Curiously,
V13 found no such trend in their ULIRGs + QSO sample. It
appears, as V13 surmised, that the lack of a trend between
these quantities was due to the limited range in SFR of the
V13 sample, which spans only ∼ 2 dex. As seen in Figure 8,
when the BAT AGN are combined with the ULIRGs of V13,
the sample spans a range ∼ 3 dex in SFR, and a positive cor-
relation between outflow velocities and SFRs becomes appar-
ent.
Positive correlations between stellar masses and outflow ve-
locities in the neutral and ionized phases of the ISM have also
been reported in the literature (e.g Rupke et al. 2005c; Martin
2005; Weiner et al. 2009). V13 did not see this trend in the
molecular data of their ULIRG + QSO sample, but again at-
tributed this negative result to the small range in stellar masses
of their sample (∼ 1 dex). Our BAT AGN + ULIRG + QSO
sample now extends over a stellar mass range of ∼ 2 dex and
reveals a significant trend (see Figure 7). However, note that
this trend may be of secondary origin since a positive corre-
lation is well known to exist between stellar mass and SFR
in galaxies, both locally (e.g. 0.015 ≤ z ≤ 0.1; Elbaz et al.
2007; Shimizu et al. 2015; Renzini & Peng 2015) and at high
redshift (e.g. 0.7< z< 1.5; Rubin et al. 2010; Whitaker et al.
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FIG. 11.— v50 and v84 as a function of the AGN luminosities. The meanings
of the symbols are the same as those in Figure 3. The smaller symbols have
larger uncertainties (values followed by double colons in Table 3)
2014) − the so-called Main Sequence of star-forming galax-
ies.
V13 reported a weak trend between wind velocities (v50
and v84) and AGN fractions in their ULIRG sample. They
cautioned that the correlation could be merely an obscura-
tion effect where both the AGN and central high-velocity out-
flowing material are more easily detectable when the dusty
material has been swept away or is seen more nearly face-
on. Indeed, by adding our BAT AGN sample to the ULIRG
sample, we find that this weak correlation disappears. AGN
fractions are thus not a good predictor of molecular outflows.
On the other hand, a convincing causal connection was pre-
sented in V13 between AGN luminosities and molecular out-
flow velocities with a possible steepening of the relation above
log(LbreakAGN /L) = 11.8± 0.3. Our results do indeed strongly
suggest that at higher AGN luminosities (log(LAGN/L) &
11.5) the AGN dominates over star formation in driving the
outflow. At lower luminosities (log(LAGN/L) . 11.5) the
AGN may not have the energetics required to drive fast molec-
ular winds.
Statistically, the correlation between wind velocity and
AGN luminosity is stronger than the correlation between wind
velocity and SFR (see Table 7). However, while the AGN
may be the dominant source for driving the winds observed
in our sample, it is clear that SFR also plays a role in driving
these winds. The presence of an AGN seems to boost the ob-
served velocity over that which would be observed in purely
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star forming systems (Cicone et al. 2014), although large scat-
ter is observed (see Figure 11). This scatter may have multiple
origins: (1) If the outflow is not spherically symmetric, pro-
jection effects will produce scatter in the observed velocities.
(2) The efficiency to entrain material in the outflow depends
on several complex factors associated with the acceleration
mechanisms and the multi-phase nature of these processes.
For instance, if radiation pressure is the dominant mechanism
driving the outflow, radiative transfer effects are probably im-
portant so that not all of the OH-detected gas is “seeing” the
same radiation field and therefore not experiencing the same
radiation force. Similarly, if the dominant driving mechanism
is ram pressure of a fast diffuse medium on dense cloudlets,
one might expect to observe a range of velocities depending
on the characterisics (e.g., sizes and densities) of the cloudlets
entrained in the flow and their survival timescales. (3) The
AGN luminosity is measured from the 14 – 195 keV flux and
therefore represent the current value of the AGN luminosity.
In contrast, the observed outflow was likely produced ∼ 1 to
several ×106 years ago based on the measured OH veloci-
ties and inferred outflow sizes (≤ 1 kpc; Sturm et al. (2011);
González-Alfonso et al. (2014, 2015)). AGN variability may
therefore cause considerable scatter in Figure 11.
5.2. Inflows
Seven objects (Centaurus A, Circinus, NGC 1125, NGC
3079, NGC 3281, NGC 4945, and NGC 7582) have OH ab-
sorption features with median velocities larger than 50 km s−1,
corresponding to an inflow detection rate of∼40%. By far the
best case for inflow in our sample is Circinus where OH 119
µm shows an inverted P-Cygni profile. Inverted P-Cygni pro-
files are also tentatively detected in Centaurus A and NGC
3281.
Interestingly, previous searches for neutral-gas (Na I D) out-
flows/inflows in IR-faint Seyfert galaxies have also shown dis-
tinctly higher detection rates of inflows than outflows. Specif-
ically, in an analysis of 35 IR-faint Seyferts (109.9 < LIR/L<
1011.2), Krug et al. (2010) reported an inflow detection rate
of ∼ 37% and an outflow detection rate of only ∼ 11%.
These numbers are similar to those derived here, and consid-
erably different from those measured in (U)LIRGs using OH
(∼ 10%; V13) and Na I D (e.g. ∼ 15% inflow detection rate
for 78 starbursting galaxies with log(LIR/L) = 10.2 − 12.0;
Rupke et al. 2005b,c). The origin of this difference is un-
known. The fast winds in (U)LIRGs may disturb the neutral-
molecular gas and prevent it from infalling to the center. On
average, IR-bright sources are also richer in gas and dust than
IR-faint galaxies. This material may be masking the central
regions where inflow is taking place.
5.3. The 9.7 µm Silicate Feature
The analysis of the strength of the S9.7µm feature can pro-
vide insight into the mechanism responsible for the excitation
of OH 119 µm observed in our sample. As seen in Figure 5,
the comparison of the OH 119 µm equivalent width, EWOH,
and the strength of the silicate feature, S9.7µm , implies a rather
tight connection between OH gas and mid-infrared obscu-
ration (a correlation is also found between OH 65 µm and
S9.7µm ; see also González-Alfonso et al. (2015)). The clear
trend of deeper OH 119 µm absorption and fainter OH 119
µm emission with increasing silicate obscuration (more pos-
itive values of S9.7µm ) suggests that OH 119 µm emission is
strongly affected by the obscuring geometry. Our results ex-
pand on those of V13 and S13 who found a similar trend with
OH equivalent width and the strength of the 9.7 µm feature
among ULIRGs.
S13 argue that the OH 119 µm emission region often lies
within the buried nucleus and that radiative excitation is the
dominant source of OH 119 µm emission. In reality, the ge-
ometry of the silicate obscuration and the source of the OH
119 µm emission may be more complex. Figure 12 plots
the total equivalent width of OH 119 µm as a function of
S9.7µm and distinguishes between AGN spectral type for each
object. Note that objects classified as LINERs have been ex-
cluded from this plot due to the ambiguous energy source in
these objects (Sturm et al. 2006). None of the Type 1 galax-
ies (BAT AGN or ULIRGs) show a strong silicate absorp-
tion (S9.7µm& 1.5). Interestingly, we see that OH 119 µm for
some Type 2 BAT AGN and ULIRGs is observed in emission
(EWOH < 0 km s−1) while the silicate feature, S9.7µm , is seen
in absorption. It is possible that the OH 119 µm emission
region is not nuclear, but is instead distributed throughout a
circumnuclear starburst where the number density (n(H2)∼ a
few times 105 cm−3), temperature (∼ 100 K), and OH abun-
dance (X(OH) ∼ 2×10−6) are sufficient for collisional rather
than radiative excitation of the upper level of OH 119 µm (e.g.
NGC 1068; Spinoglio et al. 2005). Until we examine in de-
tail all 5 × 5 spaxels of the PACS data, the location of the
OH emission in our objects will remain unclear. This type of
analysis can be done in just a few select objects; this will be
discussed in a future paper.
Determining the origin of the silicate feature is also a
challenge. The dust responsible for this feature may reside
in the AGN torus, or on larger scale in the disk of the host
galaxy, or some combination of these two. Figure 13 plots
the ratio of the semi-minor and semi-major axes (a proxy
for the inclination of the host galaxy disk) as a function
of S9.7µm for BAT AGN. We have excluded the ULIRG/PG
QSO sample from this particular analysis because these
objects are undergoing or have undergone a major merger,
and therefore, do not have a well-defined galactic plane or
inclination. Visual inspection of Figure 13 suggests a weak
trend between the inclination of the BAT AGN host galaxy
and the depth of the 9.7 µm silicate feature. First, we see
that OH for nearly face-on hosts (b/a & 0.8) is seen only in
pure emission and the strength of S9.7µm is weak. Second,
we find that nearly edge-on galaxies show the broadest range
of silicate absorption strengths, including the most extreme
case of NGC 4945. However, the lack of a strong trend
between inclination and S9.7µm strength suggests that the
dust responsible for the 9.7 µm silicate feature is located not
only in the plane of the host galaxy, but also in the nuclear
torus. Our results are qualitatively consistent with Goulding
et al. (2012), who invoke a clumpy torus paradigm of many
individual optically thick clouds (Nenkova et al. 2002, 2008)
and suggest that deeper silicate features (S9.7µm& 0.5) are
due to dust distributed at radii much larger ( pc) than that
predicted for a torus.
6. CONCLUSIONS
We present the results of our analysis of Herschel/PACS
spectroscopic observations of 52 nearby (d < 50 Mpc) BAT
AGN selected from the very hard X-ray (14-195 keV) Swift-
BAT Survey of local AGN. We also include in our analysis
the Herschel/PACS data on 38 ULIRGs and 5 PG QSOs from
V13. The depth of the silicate feature at 9.7 µm feature in
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FIG. 12.— Total (absorption + emission) equivalent widths of OH 119 µm
as a function of the apparent strength of the 9.7 µm silicate feature relative to
the local mid-infrared continuum. Note that S9.7µm is a logarithmic quantity
and can be interpreted as the apparent silicate optical depth. The strength of
this absorption feature increases to the right. Also note that objects classified
as LINERs have been excluded from this plot. Filled markers refer to Type 1
and open markers refer to Type 2. Blue squares and red circles represent BAT
AGN and ULIRGs/PG QSOs, respectively. Vertical lines represent objects
in which OH was not detected. Horizontal lines represent objects with a
null S9.7µm detection. Dotted lines and dash-dotted lines refer to Type 1 and
Type 2, respectively. Blue and red lines indicate BAT AGN and ULIRGs/PG
QSOs, respectively.
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FIG. 13.— Ratio of the semi-minor axis to the semi-major axis (a proxy
for the inclination of the host galaxy disk) as a function of S9.7µm for the
BAT AGN sample. Squares, triangles, and circles represent BAT AGN in
which OH is observed purely in absorption, purely in emission, composite
absorption/emission, respectively. Diamonds represent objects in which OH
was undetected. Filled points and dash-dotted lines indicate Type 1 while
open points and dotted lines indicate Type 2 AGN. Horizontal lines represent
objects with a null 9.7 µm silicate feature detection.
all these objects is measured from archival Spitzer/IRS data.
Our combined BAT AGN + ULIRG + QSO sample covers a
range of AGN luminosity and SFR of & 3 dex and ∼ 3 dex,
respectively. The main results from our analysis are:
1. The OH 119 µm feature is detected in 42 of the 52 ob-
jects in our BAT AGN sample. Of these detections,
OH 119 µm is observed purely in emission for 25 tar-
gets, purely in absorption for 12 targets, and absorp-
tion+emission composite for 5 targets.
2. Evidence for molecular outflows (absorption profiles
with median velocities more blueshifted than −50 km
s−1 and/or blueshifted wings with 84-percentile veloci-
ties less than −300 km s−1) is seen in only four objects
(NGC 7479, NGC 5506, NGC 7172, and IC 5063), cor-
responding to 24% of all targets where this search for
outflows was possible. This outflow detection rate is
significantly smaller than that found in ULIRGs by V13
(∼70%). The best case for outflow is NGC 7479, an
object with one of the highest infrared surface densities
among our BAT AGN.
3. We find evidence for molecular inflows (absorption
profiles with median velocities more redshifted than 50
km s−1) in seven objects (Circinus, NGC 1125, NGC
3079, NGC 3281, and NGC 4945), corresponding to
an inflow detection rate of ∼40%, considerably higher
than the rate measured among ULIRGs (∼10%) but
similar to the detection rate of neutral-gas (Na I D) in-
flows among IR-faint Seyfert galaxies. By far the best
case for OH inflow among our BAT AGN is Circinus,
where OH 119 µm shows a distinct inverted P-Cygni
profile.
4. The positive correlation between OH velocities and
AGN luminosities reported in V13 is strengthened in
the combined sample, but it is not seen in the BAT AGN
sample. This suggests that luminous AGN play a dom-
inant role in driving the fastest winds, but stellar pro-
cesses will dominate when the AGN is weak or absent.
5. We confirm that the absorption strength of OH 119 µm
is a good proxy for dust optical depth in these systems.
Our findings are consistent with most, but not all, of the
OH 119 µm emission originating near the AGN. Spa-
tially resolved OH emission is seen in a few objects in
our sample (e.g., NGC 1068) and may originate from a
circumnuclear starburst where the number density and
temperature are sufficiently high to collisionally excite
the upper level of OH 119 µm.
6. A comparison of the strength of the 9.7 µm silicate fea-
ture with the inclination of the host galaxy disk and
spectral type of the AGN confirm earlier results that the
dust responsible for this feature is located not only in
the nuclear component, but also in the disk of the host
galaxy.
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APPENDIX
SPITZER MIR SPECTRA
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FIG. A.1.— Mid-infrared (5-37µm) spectra used to measure S9.7µm . The dashed line is the continuum calculated from the cubic spline interpolation fitted to the
pivot points shown as black dots. Red dots show fcont (9.7µm) (located on dashed continuum line) and fobs(9.7µm) (located on the solid black line or the observed
flux density). The blue line shows the integration range used to calculate the flux and total equivalent width of the 9.7 µm silicate feature (see Table 4 and Table 5).
(Figures of all MIR spectra are available in the online journal. A portion is shown here for guidance regarding form and content).
